Using data from automatic surface weather stations, buoys, lidar and Doppler, the three-dimensional structure and other characteristics of the sea breezes near the sailing sites of the Good Luck Beijing -2006 Qingdao International Regatta from 18 to 31 of August 2006 are analyzed. The sea breezes are categorized into two types as being under the control of or at the edge of the subtropical high. The influence of the large-scale subtropical high on the local sea breezes is investigated. Results show that excluding rainy days and days with typhoon, the sea breezes occur nearly everyday during this period. When Qingdao is located at the edge of a subtropical high, the sea breeze usually starts at around 1100 to 1300 LST and lasts about 6 hours. When
Introduction
The sea and land breezes refer to near surface winds that blow from the sea to land during daytime and from land to sea at night caused by uneven surface heating.
Within the weather forecasting community in China, the sea and land breezes have not received much attention from forecasters due to limited availability of real-time detailed observations. For the Olympic sailing events to occur near Qingdao, a coastal city in eastern China, in 2008, sea breeze forecast is very important because the wind speed error needs to be within 1 m s -1 and the wind direction error within 50 degrees.
In August, the wind is often under 3 m s -1 in Qingdao, therefore the influence of sea breeze can be significant. In order to provide better weather forecast services for the 2008 Olympic sailing events, several tens of automatic weather stations have been set up over the past two years near the sailing spots and in the coastal region of Qingdao, and three buoys were established at sailing spots A, B and C (see Fig. 1 ). With these data, the sea and land breezes near the sailing spots can be studied in detail for the first time.
Studies about the sea and land breezes can be traced back to the 1940's.
Simple numerical models were used by Haurwitz (1947) and Defant (1951) to study the fine structure and direction change of sea breeze. These studies found clockwise rotation of sea breeze wind direction with time. In these models, the sea breeze starts at right angles to the coast and veers (moves anticyclonically), until at sunset it blows nearly parallel to the coastline. Numerical models with complex forcing have shown cyclonic rotation and Neumann (1977) gave three reasons why the change of the sea-breeze direction was nonuniform with time. This was due to three principal terms:
1) Coriolis (unknown from previous work); 2) pressure gradients due to diurnal heating; and 3) large-scale pressure gradients not affected by diurnal changes. But there are many facts that the sea breeze direction doesn't change or even rotates cyclonically, which were explained as the effect of mountains (e.g., Staley 1957). The detailed structure of sea breeze in the daytime has been studied by, e.g., Sha et al. (1991) and Clarke (1984) . Estoque (1961) found that the formation and strength of the sea breeze was affected by the large-scale flow in addition to the heating condition. Many studies have shown that the prevailing synoptic-scale flow has a direct effect on the strength and land-ward penetration of the sea-breeze front (e.g., WEXLER 1946; Haurwitz 1947; Defant 1951; Estoque 1962; Frizzola and Fisher 1963; Schroeder et al. 1991; Arritt 1993; Reible et al. 1993) . The details of the resultant structure of the sea-breeze front are still not complete, but several general features are evident. Bechtold et al. (1991) and Arritt (1993) examined sea-breeze frontogenesis and stability for a large range of synoptic wind speed and direction during the day. Zhong et al. (1993) modeled the influence of the large-scale background flow on mesoscale and microscale aspects of the sea breeze by dividing the sea breeze into two types: those with see breeze fronts normal or parallel to the coastal line. The two general classes of sea breezes differed in many respects, including the associated maximum vertical velocities. Reible et al. (1993) found that when the flow is offshore, the sea breeze front is associated with a pronounced discontinuity owing to increased convergence and subsequent frontogenesis. In addition, the offshore flow does not allow the sea breeze front to penetrate far inland. When the synoptic flow is onshore the front is weak but it penetrates much farther inland.
Houghton (2005) reviewed many aspects of the sea and land breezes and the forecasting techniques, pointing out that the large-scale wind near surface can affect the sea breeze significantly. The analysis on sea breeze has been performed in a number of aspects in the literature (Frizolla and Fisher 1963; Barbato 1975; Wakimoto et al. 1993; Buckley et al. 1997; Zhang et al. 2005) .
In Qingdao, the weather in August is different from many of other regions where the land and sea breezes are studied. The dominant weather system in this season is the subtropical high pressure system over the western Pacific Ocean. Once
Qingdao is under the control of this high which is most evident on 500 hPa chart, the weather is usually humid, stuffy and calm. If at the edge of the high pressure system, it tends to have thundershowers. In China, some studies on sea breezes exist. For example, Wu et al. (1993) analyzed the local sea breeze features in Qingdao with data from coastal weather stations. Xue et al. (1995) studied the feature of sea breeze in Longkou city in northern Shandong peninsula. Zhuang et al. (2005) analyzed the climatic feature of sea and land breezes in Rizhao city with coastal data. Jin and Wang (1991) studied the effect of land-sea air temperature contrast on the strength of sea breeze with a three-dimensional numerical model and found the dominant effect of the temperature contract in their cases. Chang et al. (2003) found through 3D numerical simulation that the sea breeze near Qingdao is affected significantly by the heating of Laoshan Mountain. Without marine data, these studies did not provide the fine-scale analysis of sea breeze features near Qingdao. Furthermore, these studies did not look at the effect of large scale flows associated with the subtropical high. In this study, with the fine-resolution observation data in and near Qingdao, the sea breeze during the Olympic sailing test period is studied. The rest of this paper is organized as follows. Section 2 provides an overview of the weather during the period, and section 3 discusses the general features of sea breezes, and section 4 examines the relationship between the sea breezes with the temperature contracts, and section 5 discusses the different features of the two types of sea breeze for the days under the control and at the edge of the subtropical high, and section 6 further examines the 3D structures of the breezes. A summary is given in the final section.
Overview of general weather pattern
Good Luck Beijing -2006 Qingdao International Regatta, also known as the test event of the 2008 Olympics, was held in the Fushan Bay of Qingdao (see Fig. 1 ).
It was an International Sailing Federation (ISAF) Grade 2 International Regatta which included 11 events in nine classes. More than 503 world-class athletes from 40 countries participated. There were three sailing spots in the Bay area, as marked by A, B, and C in Fig. 1 . Every spot has a buoy. There are thirties automatic weather stations in the coastal region (see Fig. 1 ). The test event was held from 18 through 31
August 2006 and the provision of weather service for the event began on 10 August.
Using available in-situ and remote-sensing observations, the wind features from 9 through 31 August are analyzed in this study.
In general, when the ridge of the subtropical high migrates from breeze is loosely defined as an event with wind direction in the coastal region near the sailing spots changing from synoptic-scale wind direction to easterly, southeasterly or southwesterly at around noon and then turning back to its original direction in the evening). In order to study the features of sea breeze, the sea breeze days are divided into two periods: the first period from 9 to 13 August, which was under the control of a 500 hPa subtropical high (the CNTL case, see Fig. 2a ), and the second period from 19 to 31 (exclude rainy days), which was at the edge of a 500 hPa subtropical high (the EDGE case, see Fig. 2b ).
Observed sea breeze characteristics
Figures 3a and 3b show the diurnal evolution of mean wind speed at the three buoys for the two weather patterns. It can be seen that there are two wind speed peaks within the diurnal cycle, corresponding to the sea and land breezes, respectively. The land breeze occurs in early morning hours between 0300 to 0900 LST (all times are LST unless otherwise noted) in both situations. The timings of sea breeze differ a lot between the two situations. For the sea breeze under the control of subtropical high (CNTL case), the onset time is between 1300 and 1500 LST, later than the 1100 to 1300 LST when the region is at the edge of the high (EDGE case). The peak sea breeze wind speed is reached between 1500 and 1600 LST in the former case while it is reached at or shortly after 1200 LST in the latter case. The see breeze winds are sustained for 5 to 6 hours in both cases.
In the CNTL situation, the wind is light and sea breeze is weak, with the mean wind speed at the buoy sites remaining below 2.5 m s -1 throughout the day. For the EDGE case, the winds are generally stronger, with the strongest winds of the day being associated with the sea breeze, and the mean wind speed reaches nearly 4 m s -1 at or shortly after noon. The test event occurred from 18 to 31 August, when Qingdao was mainly at the edge of the subtropical high. Considering the requirement of 3 to 18 m s -1 wind speed and 50 degrees wind direction error of the forecast accuracy for the sailing event, the sea breeze provides the necessary wind speed and stable wind direction for the sailing, and that is why the test event can be carried through everyday during the Olympic test events although the winds were very weak over land in Qingdao.
It can be seen further from Figs. 3a and 3b that the wind speed is the strongest at buoy A, the second strongest at buoy B, and the weakest at buoy C. This slight difference of the wind speed can be attributed mainly to the different distance from the coast. The wind speed drops quickly when sea breeze ceases. Land breeze turns to sea breeze from 1000 to 1300 LST, with the wind speed decreasing and then increasing again. The sea breeze in the EDGE case develops into a larger strength and weakens quickly after around 1700 LST and the minimum wind speed is reached between 2000 and 2200 LST. After 2200 LST, the wind speed starts to pick up again as land breeze starts to form in the evening and early morning hours.
The changes in the wind direction are shown in Fig. 3c through Fig. 3f . It can be seen that the wind is weaker and more changeable in the CNTL case. The direction of the sea breeze is generally easterly to southeasterly. For the EDGE case, the wind is stronger and the wind direction is more stable. In this situation, the sea breeze is southeasterly, which is normal to the coastline.
Relation between sea breeze and land-sea air temperature contrast
To examine the land-sea temperature contrast and its relationship with sea breeze strength, the daily temperatures over the sea (buoys) and land is analyzed. The
Fushan station that is about 2 km inland from the coast and closest to the buoys (see Fig. 1 ) is selected to represent the temperature over land. Figure 4a and 4b show the mean diurnal temperatures at the buoys and Fushan for the CNTL and EDGE days. It is seen that the temperatures at the three buoys are nearly the same and have a small diurnal change. The temperature over the land increases significantly in day time due to the daytime heating. At night, the temperatures over the land and the sea are nearly the same for CNTL days, which explain the weak land breeze in this type of weather.
While in EDGE days, temperatures 1-2 K colder over land occur at night, producing stronger land breezes (see Fig. 4c ). As a result, the maximum temperature contrast is generally higher for the CNTL days but is lower for the EDGE days. Figure 4d shows the curves of the daily maximum temperature differences between Fushan and buoys A, B, and C from 9 to 27 August (data are missing from 28 to 31). It can be seen that for the sea breeze days, the difference of the temperature is all over 4 K. But the sea-land temperature difference for CNTL days is generally higher than than the EDGE days. The maximum temperature contrast is the largest on 12, 13 and 23 August with the difference exceeding 6 K at all buoy sites and exceeding 8 K at buoy A. In fact, the sea breeze is the strongest on 23 August in the entire test period, while the sea breeze is not very strong on 12 and 13 August even though the maximum temperature contrast is among the largest in both cases. The maximum temperature contrast on 13 August is the largest but the maximum wind speed of the day is less than 2.5 m s -1 . This indicates that the strength of the sea breeze is soly determined by the land-sea temperature difference. Large-scale weather and flow pattern can affect the strength significantly. The location of the subtropical high can affect the wind speed near surface hence the sea breeze strength significantly.
Discussion of the two sea breeze types on CNTL and EDGE days
The observations show that the sea breeze is stronger when the coastal Qingdao region is at the edge of the subtropical high. This can be explained by the fact that under the control of the subtropical high, the temperatures over the land and sea are both high and the associated strong heating in the daytime results in more mixing near surface, therefore, the wind is light and wind direction more changeable in the entire day. The strength of the sea breeze also depends a lot on the strength of the return flow in the upper branch of the sea breeze circulation. In this situation, the return circulation is difficulty to establish and the weak return flow helps to inhibit strong near-surface sea breeze winds. At the edge of the subtropical high, Qingdao is easy to be affected by cold air, which can be seen from Fig.3d that the cardinal wind is northly before the start of the sea breeze. So the temperature over the land is a little lower. But the wind speed near surface is generally stronger over the land and in this situation, the wind direction is more stable. Therefore, when the temperature difference between the land and sea increases in the daytime and the local pressure gradient near surface is from the sea to the land, stronger systematic wind in the upper boundary layer enhances the off shore return wind and can help the establishment of the sea breeze. The sea breeze is therefore stronger.
As discussed above, the directions of sea breeze for the CNTL and EDGE days are different slightly too. For the sea breeze in EDGE days, the direction is southeasterly, which is normal to the coastline. In CNTL days, the direction of the sea breeze is from easterly to southeasterly, closer to the systematic wind direction (see Fig. 3e ). Therefore, the difference in the sea breeze direction is also related to the strength of breeze. If the sea breeze is stronger, its direction is closer to the normal direction of the coastline. When the sea breeze wind speed is weaker, its direction is closer to the direction of systematic or background winds. The 'veering' feature of sea breeze documented in Houghton (2005) for the coastal region does not happen in Qingdao region. In his case, the sea breeze starts at right angles to the coast and veers (shifts anticyclonically) until sunset time to become nearly parallel to the coastline. Figure 5a shows the time-height cross section of wind profiles derived from lidar measurements located at Xiaomeidao Island inbetween the coast line and the sailing sites (see Fig. 1 ), for the afternoon of 21 August. This period is chosen because it has the most complete lidar data. It can be seen that there was southeasterly in the shallow boundary at 1451 LST, which is the sea breeze. The northwesterly winds in the upper levels are associated with the large-scale weather system. In the morning when the sea breeze begins, the southeasterly was very shallow. Even by 1451 LST, or about 3 pm in the afternoon, the sea breeze was still only 70 to 80 meters deep. The sea breeze developed gradually in the afternoon and reached a depth of about 150 m by 1622 LST on this day (Fig. 5a ), indicating that strong sea breeze occured in the middle afternoon.
Three-dimensional structure of sea breeze a. Vertical structures of sea breezes from Doppler radar and lidar wind profiles
Doppler radar VAD wind profiles can show the mean horizontal wind profiles within 30 km of a radar station (Yu et al. 2006) . So far, no study on sea breezes in China has used such data. The Olympic sailing spots are about 20 km northeast of the Huangdao radar station (Fig. 1) , just within the effective radius of the VAD wind profile product. The VAD products from 9 to 31 August 2006 are analyzed. The VAD wind profiles show clear signs of sea breeze winds in the afternoons when buoy data indicate their presence although the vertical resolution of VAD data is relatively low.
We note that even though the radar is not located at the sailing sites, it is located on a large peninsula that is subject to a similar influence of land and sea breezes. Wind changes in the direction of VAD winds correspond well with those seen in buoys and automatic weather station data. The depth of the sea breeze is generally less than 300 meters in the VAD data during this period, a feature similar to that of the sea breeze in Longkou in the north of Shandong Peninsula (Xue et al. 1995) . The sea breeze can not be seen in Huangdao Doppler radar reflectivity products (not shown) because the height of the radar is 169 meters, generally higher than the height of the sea breeze.
The sea breeze on 23 August 2006 is, however, as deep as 1 km (Fig. 5b) . The VAD wind profiles show that the surface winds turned to southwesterly at around 0900 and 1000 LST, and to southeasterly at 1240 LST, meaning that the sea breeze is fully established by 1300, which is coincident to the observation from the buoys and the automatic weather stations (AWS). At the beginning, the sea breeze is confined below 300 meters in height. With the development of the sea breeze circulation, the height of the sea breeze increases gradually to 600 meters by 1400 LST. Until at around 1700 LST, the southeast sea breeze is the strongest in the day and reaches about 1 km height.
b. Horizontal structures of sea breezes in Doppler radar measurements
As discussed above, the strongest sea breeze event during the Olympic test 6a ). This corresponds to enhanced low-level convergence along the sea breeze front.
The sea breeze can also be identified in the radial velocity field (Fig. 6b) . Different from the reflectivity, the entire Jiaozhou Bay shows red radial velocity (radial wind is away from the radar site), indicating the presence of sea breeze. That is to say, there are two sea breezes, one is the eastern part of Huanghai Sea breeze and its sea breeze front can be seen from Doppler radar, the other is from the local Jiaozhou Bay. The sea breeze near the Jiaozhou Bay is too weak to be seen in Doppler radar reflectivity but can be confirmed by data from the AWS station near Qingdao (see Fig. 7a ). At around 1400 LST, the sea breeze from the Huanghai Sea travels across the Juaozhou
Bay and gradually forms a circular boundary in the radar reflectivity field. At 1500 LST, the three-boundary structure of the sea breeze can be seen clearly from the AWS data (see Fig. 7b ).
By 1700 LST, the sea breeze has developed to its maximum strength and is about 100 km inland. Because the sea breeze front is far inland and the Jiaozhou Bay can't be seen in Fig. 6 c and d . It is found that the northern portion of the sea breeze front is at Tangjiapo, Qixia City (marked 'Qixia' in Fig. 6c, d) , and its southwestern part is at Chenggezhuang, Zhucheng City (Fig. 6 c, d ). The depth of the sea breeze is up to 3 km according to the VAD Wind Profile in Fig. 5b . The location of the sea breeze front can be seen clearly from the radial velocity image (Fig. 6d) . The structure of the sea breeze front can also be seen from AWS data although the data over land far from the coast are sparse (Fig. 7c) .
After 1700 LST, the sea breeze continued to push inland but became weaker, starting from the northeastern part. The sea breeze front in reflectivity data disappeared gradually. At 2000 LST, the sea breeze front can still be identified in the surface chart although the short front can't be telled in the surface chart (Fig. 7d) . It can be seen that the convergence line between the sea and land breezes near the sea breeze front remained although the sea breeze has died. At this time, no sea breeze front signature can be found in Huangdao radar data.
c. The vertical structure of the sea breeze
The vertical structure of the sea breeze front can also be examined using the RHI (Range-Height Indicator) radar scan data. Figure 8 shows such vertical cross sections at 1700 LST, 23 August 2006 along the white line in Fig. 6d that is normal to the sea breeze front. It can be seen that the sea breeze is very shallow even though this is the strongest stage of the sea breeze around 1700 LST. There exists a region of enhanced reflectivity between the 75 and 86 km ranges northwest of the radar and below 1.5 km height, which is the region of sea breeze front density current head (Fig.   8a ). In the radial velocity field (Fig. 8b) , a layer of outgoing radial velocity (red colors) is found below 2 km level and this depth seems to decrease to less than 1 km near the sea breeze front. Above this layer, the flow speed is nearly zero, and a region of reversed flow (towards radar) is found at about 4 km level near the 65 km range. Such results are consistent with the findings with VAD data.
Summary
With data from automatic weather stations, buoys, lidar and Doppler radar that the sea breeze usually starts at around 1100 to 1300 LST and lasts about 6 hours, and the sea breeze wind direction tends to be southeasterly. When the region is under the control of a subtropical high, the sea breeze usually begins later at between 1300 and 1500 LST, the wind direction is easterly to southeasterly.
2) Among the three sailing spots where a buoy is available at each (see Fig. 1 ), the sea breeze wind speed is usually the strongest at spot A , which is closest to
Qingdao and the coast. The wind speed is weakest at spot C which is the farthest from the coast. Under the control of the subtropical high, the winds at all three spots are weak and remain below 2.5 m s -1 on average and the wind direction is more changeable. The wind direction is generally easterly to southeasterly. The sea breeze found at the edge of a subtropical high is stronger. The mean wind speed is 3-4 m s -1 in this case and the dsea breeze direction is usually southeasterly and normal to the coastline.
3) If the sea breeze wind speed is stronger, its direction tends to be more close to the normal direction of the coastline. Otherwise, the direction is closer to the direction of the systematic or background wind. The wind speed drops with the demise of the sea breeze. The stronger the sea breeze, the faster the wind speed drops.
4) In general, the difference in the sea and land air temperature is over 4 °C.
But the strength of the sea breeze depends not only on this difference, but also the large scale flow pattern. Under the control the subtropical high, strong heating in the daytime results in more mixing near surface. In this situation the sea breeze is weaker although the maximum temperature difference is higher than that at the edge of the subtropical high.
5) The depth of the sea breeze is usually very shallow and below 300 meters.
For stronger sea breezes, it can be 1.5 km deep and can push inland as far as 100 meters. The vertical structures are revealed by Doppler radar and lidar radar data, in both RHI scan images and in derived VAD wind profiles.
6) Several sea breeze systems can co-exist in Qingdao region due to the complex coastlines and coast line structures of different scales. For example, a sea breeze system can form as related to the main coastal line of the Huanhai Sea, while a smaller-scale and often arc-shaped sea-breeze front can form due to the Jiaozhou Bay (Fig. 7) . If the Huanghai sea breeze propagates inland and meets the sea breeze of the Jiaozhou Bay on its western part, the sea breeze will strengthen and form a three-boundary structure as a result of the interaction between the two sea breeze systems.
Because of the significance of the Qingdao coastal region in the upcoming Olympics events in summer 2008, and the general lack of detailed studies on the essentially daily events of sea breeze, specially of studies using special observational data, we believe that this study represents an important step towards better understanding and eventual improved prediction of land and sea breezes in this region.
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List of figures The left column is for CNTL cases and right column is for EDGE cases. 
